This paper proposes a field-weakening control strategy to optimize the torque production and motor efficiency of a four-switch three-phase inverter-fed induction motor drive in the high-speed region. A method to control the torque component current (I q ) and the flux component current (I d ) of the field-weakening region is proposed. The feasibility of the proposed control strategy is verified through a simulation and validated experimentally. The results show that the speed-torque characteristics and the motor efficiency are improved in the high-speed region.
Introduction
Due to advances in power electronics, the use of inverterfed induction motor drives has increased in various industries, from consumer goods to industrial applications. In the last two decades, Four-Switch Three-Phase Inverter (FSTPI) has gained a lot of attention for its ability to be applied as a fault tolerant control or an emergency strategy for the conventional 3-phase inverter (1) - (19) . FSTPI is also known as twophase inverter, four-switch inverter and two-leg inverter because of its structure as shown in Fig. 1 . Some reported works show that an FSTPI has also been applied to Switched Reluctance Motor (SRM), Interior Permanent Magnet Synchronous Motor (IPMSM), Brushless DC Motor (BLDC), and Permanent Magnet Synchronous Motor (PMSM) (1) - (5) . Compared to all these different types of motor, an induction motor is more widely used in various industries because of its ruggedness, cost and reliability.
Reported works on FSTPI drive proposed methods to create Pulse Width Modulation (PWM) signals using various modulation techniques like Space Vector PWM and sinusoidal PWM (6) - (8) . Other works proposed methods to correct current and torque ripples caused by the voltage unbalance in the capacitors (9) (10) . The voltage unbalance compensation has also been investigated using different control strategies both scalar and vector control methods (11) - (14) . Unfortunately, most of the reported works focused on the low-speed region or no load condition.
The most challenging feature of an FSTPI drive is that its voltage utilization factor reduces by approximately 50% compared to the conventional 3-phase inverter drive (15) (16) . The authors earlier proposed a direct transformation matrix for FSTPI, to calculate voltage reference signals from dq axis to a two phase voltage signal (V A * , V B * ) to facilitate the a) Correspondence to: Ufot Ufot Ekong. E-mail: 6ltad001@mail. u-tokai.ac.jp * Tokai University 4-1-1, Kitakaname, Hiratsuka, Kanagawa 259-1292, Japan (17) (18) . This transformation matrix enables easy implementation irrespective of the affected phase of the inverter, when an FSTPI is used as an emergency strategy (17) (18) . They further reported that the maximum torque attainable speed and motor efficiency in the high-speed region reduces by approximately 50% (19) . In order to apply FSTPI to high performance drives like traction and spindle drives a method to increase the maximum attainable torque and motor efficiency in the high-speed region is required.
In the conventional 3-phase inverter drive, a common method to achieve high speed, torque and motor efficiency over a wide operating range, is to apply a field-weakening control. Field-weakening control methods for the conventional 3-phase inverter drives have been studied widely and can be classified into three categories (20) - (26) . (i) Adjustment of the motor flux in inverse proportion to speed. (ii) Feed forward control based on simplified motor parameters. (iii) Closed loop control of the stator voltage for full utilization of the maximum inverter voltage.
The first approach has been reported to improve the speedtorque characteristics but not to its maximum for the available current and utilization of the DC-link voltage (20) (21) . The second and third approach are dependent on the fact that the maximum current and DC-link voltage can be fully utilized, c 2019 The Institute of Electrical Engineers of Japan.
thus, increasing the maximum attainable torque (22) - (25) . However, the second and third approach have been reported to have bad response characteristics (26) . In an FSTPI drive, since the DC-link voltage cannot be fully utilized, the second and third approach are inapplicable or difficult to implement. Therefore, in this research, the first approach is considered and some changes are made in its control strategy to make it applicable to an FSTPI drive. The authors earlier reported on experimental results of an FSTPI drive in the high-speed region by proposing a flux weakening strategy to improve its characteristics (27) . However, this strategy did not fully optimize the characteristics of an FSTPI drive in the high-speed region because the current was not adequately controlled and limited.
Hence, the objective of this paper is to investigate the possibility that a field-weakening control can be achieved in an FSTPI fed AC motor drive, by proposing a current control strategy to optimize the performance characteristics of the drive in the high-speed (field-weakening) region using vector control method.
Indirect Vector Control
Vector control is a popular and commonly adopted control strategy for inverter-fed motor drives because of its simplicity in implementation and dynamic control of speed and torque.
The authors in their earlier works used the indirect vector control method and proposed a method to transform the output voltage reference signals of vector control V d * , V q * to a two phase voltage reference V A * and V B * as shown in Fig. 2 (17) (18) . These voltage references are used to generate PWM signals that drive the inverter. The earlier proposed transformation matrix is shown in equation (1) and equation (2) .
In indirect vector control, the stator current of the motor is decomposed into flux component (d-axis current) I d and torque component (q-axis current) I q . These components are then decoupled and controlled individually. The flux component reference I d * is kept constant in the entire speed region. This enables fast response characteristics of the drive especially in the low-speed region, but reduces the stability, torque production and motor efficiency in the high-speed region. 
Operation Constraints in Field-Weakening Region
In this section, the operation constraints and fieldweakening characteristics of both the Four-Switch ThreePhase Inverter (FSTPI) and 3-phase inverter drive are discussed.
Voltage and Current Limit
In the high-speed region, the performance of an induction motor drive is limited by the voltage utilization factor and current ratings of both the motor and the inverter. However, the voltage utilization factor of the FSTPI drive compared to the 3-phase inverter drive reduces by approximately 50% as shown in Fig. 3 (15) (16) . The maximum voltage V smax that the inverter can apply to the induction motor is determined by the DC-link voltage and the Pulse Width Modulation (PWM) strategy that is adopted. In this paper, the triangular Sine wave PWM is adopted, therefore V smax is limited to Vdc/2 (28) . The voltage references in the dq axis (V d * , V q * ) must satisfy the constraints of the voltage limit boundary as shown in equation (3).
The motor current is limited to the maximum stator current I smax which is determined by the thermal rating of the induction motor or the current rating of the inverter. The decoupled current references I d * and I q * must satisfy I smax as shown in equation (4) .
As shown in Fig. 4 (a), the reference currents (I d * , I q * ) must be limited to the current limit circle in order to maintain current control. The maximum stator current I smax can be increased depending on the inverter current ratings as shown in Fig. 4 (b). The current limit is often 150% of the rated current I rated of the induction motor (20) (21) . The current ratings are confirmed and is set at 150% of its rated value. Therefore, the maximum current for the fieldweakening region I smax [FW] can be expressed as shown in equation (5).
Field-Weakening (FW) Characteristics of an Induction Motor Drive
The characteristics of the conventional field-weakening control of an induction motor fed by a 3-phase inverter is shown in Fig. 5 . In the 3-phase inverter drive, the operating range of the induction motor and its characteristics can be divided into 3 different regions. Constant torque region (Base speed region), constant power region (FW region 1) and constant slip region (FW region 2).
In the base speed region, the d-axis current reference I d * is constant and the motor operation is current limited. In fieldweakening region 1, the motor speed is above its rated speed (motor) and the motor operation is limited by both the current and voltage limit because the induced voltage by electromotive force (EMF) approaches the inverter maximum voltage. In field-weakening region 2, the speed becomes so high that the current cannot exceed the maximum inverter current, then the slip reaches its maximum value. These are well known characteristics of 3-phase inverter-fed AC motor drives.
In contrast, there has been no detailed report on the fieldweakening region characteristics or current characteristics of an FSTPI-fed AC motor drive in the high speed region. Furthermore, when the FSTPI drive is applied as an emergency strategy for the 3-phase inverter drive, there is a need to understand the current characteristics in the high speed region, where the voltage has reached its maximum output or saturation.
Moreover, since the possibility that field-weakening control can be achieved in an FSTPI fed AC motor drive has not yet been investigated, there is a need to investigate or propose a method to control the current adequately in the high-speed region.
Field-Weakening Strategy for FSTPI

d-axis Reference
In the conventional fieldweakening control strategy of the 3-phase inverter drive, the d-axis current reference I d * is kept constant below the base speed ω base and above is reduced inversely to the motor speed ω r as shown in equation (6) .
The constant d-axis current reference I d * is calculated by dividing the rated flux of the motor φ by the magnetizing inductance L m of the motor as shown in equation (7).
In the high speed region, above the base speed, if the d-axis current reference is kept a constant as shown in equation (7), the induction motor cannot follow the reference value, due to voltage saturation (limitation). This will result in low performance characteristics in the high-speed region, because the current will not be adequately controlled. Thus, the need for a field-weakening control strategy.
The correct calculation of the base speed ω base also determines the size or value of the d-axis current reference I d * [FW] for the field-weakening region. In addition, if the d-axis current reference is unnecessarily high, the q-axis current reference cannot be regulated. In the conventional 3-phase inverter drive, the base speed ω base is usually set at or close to the rated speed ω rated of the motor, where the voltage reaches its limit V smax or saturation. However, as earlier explained in section 3.1 and from the working principle of the FSTPI (17) (18) , the voltage utilization factor of the FSTPI compared to the conventional 3-phase inverter reduces by approximately 50%. Therefore, the base speed of the FSTPI drive will differ as shown in Fig. 3 .
The reduction of the voltage utilization factor of the FSTPI drive can be explained using Kirchhoff's voltage law to derive the phase voltage, when a two phase reference voltage that has a phase difference of 60
• is applied to the 3-phase motor. If equation (2) is applied, the motor phase voltage will be as shown in equation (8) . For comparison, the phase voltage of the 3-phase inverter-fed motor drive is shown in equation (9) .
These equations show that the output voltage of the FSTPI compared to the 3-phase inverter reduces by a factor of √ 3 (15) (29) . Therefore, in this paper, from this working principle of the FSTPI, the base speed is recalculated by dividing the rated speed ω rated of the induction motor by a factor of √ 3 as shown in equation (10) .
From the calculations in equation (6), (7) and (10) FSTPI drive can be derived as shown in equation (11) .
q-axis Reference
The q-axis current reference I q * in the conventional field-weakening control of the 3-phase inverter drive is controlled by limitation in various operating regions. These different limitations are not directly applicable to the FSTPI drive because its base speed and maximum output voltage reduces as shown in Fig. 3 . In this paper, in the base speed region (constant torque region) of the FSTPI drive, the q-axis current reference I q * is limited as shown in equation (12) . In this region, the maximum current I smax [FW] is set as given by equation (5) .
Up to the base speed of the FSTPI in equation (10), the d-axis current reference I d * is a constant, hence, torque is proportional to the q-axis current.
Above this base speed of the FSTPI, where the fieldweakening control begins, up to the rated speed of the motor ω rated , the q-axis current reference is limited by the constraints in equation (13) . The only difference between base speed region and this region is, the d-axis current reference is no longer constant because its value is determined by the field-weakening controller in equation (11) . This region is called field-weakening region 1 (FW1) in the FSTPI drive, as shown in Fig. 6 .
In the conventional 3-phase inverter drive, in fieldweakening region 2, the q-axis current reference is reduced by limitation, in order to keep the maximum slip as shown in equation (14) and equation (15) , to avoid a loss of current control and the drive system (21) (30) .
In the FSTPI drive because voltage that can be utilized in the field-weakening region is low, if equation (14) and (15) are applied, it will have no positive effect on the output torque or motor efficiency. This is because the q-axis current reference will not be as large as that of the 3-phase inverter drive. However, the q-axis current reference for the FSTPI drive will still be unnecessarily large, which will result in an unbalance in the drive, loss of torque and slip linearity, low motor efficiency and eventually the motor will stall.
Hence, in this paper, above the rated speed of the motor, a q-axis current limitation for the FSTPI drive is proposed and this region is called field-weakening region 2.
The proposed limitation is to reduce the maximum current I smax [FW] that the inverter can apply to the motor, which results in a limitation of the q-axis current reference. The maximum current I smax [FW2] for the field-weakening region 2 is set at the rated current I rated of the induction motor as shown in equation (16) .
Therefore, the q-axis current reference limitation for the field-weakening region 2 is given by equation (17) .
The onset of field-weakening region 2 is determined by the speed of the motor. Above the rated speed of the induction motor (ω rated ), field-weakening region 2 begins. This will enable the drive to attain high motor efficiency, linear relationship of torque and slip and stability in the high-speed region. The switching of limitations from field-weakening region 1 to field-weakening region 2 will be conducted using a comparator which has an input of rated speed and feedback speed of the motor.
Therefore, in the FSTPI drive, in order to attain maximum performance characteristics in the high-speed region, the qaxis current reference limitation in field-weakening regions 1 and 2 are different as shown in Fig. 6 .
Simulation Results
To verify the proposed field-weakening control strategy, a simulation model is designed and implemented using PSIM software. The circuit for simulation is shown in Fig. 7 . The specification of the induction motor used in the simulation is shown in Table 1 . The inverter switches are considered to be ideal switches. The switching frequency is set at 10 kHz. The V phase of the motor is connected to the center potential of the DC source. The maximum torque limit is set at 1.49 Nm. In this simulation, in order to reduce the effect of the capacitor voltage fluctuation, due to the connection of one phase of the motor to its neutral point, a capacitor with a large capacitance of 8200 μF is used (18) (31) . For the purpose of comparison, the same experiment is carried out using a constant flux control strategy of the conventional indirect vector control as shown in Fig. 8 . In the constant flux strategy, there is no field-weakening control, hence, the d-axis current reference in the whole operating speed region is the same. This comparison is important to show the characteristics of the FSTPI-fed induction motor drive without a field-weakening controller, especially in the high-speed region where the output voltage has reached its limit (saturation).
The speed reference range is set from 50 rpm to 3000 rpm. From the simulation results, the trajectory of q-axis and daxis current and the speed-torque characteristics are evaluated. 
I d and I q Trajectory Versus Speed
The d-axis current and q-axis current trajectory using the proposed fieldweakening control strategy is evaluated. The speed reference is set at 2500 rpm and the results are shown in Fig 9. For comparison, the q-axis current without field-weakening control is also shown in Fig. 9 . Results show the d-axis current is constant up to the base speed and reduces in the field-weakening regions. Furthermore, the q-axis current increases up to the field-weakening region 1 and is limited in field-weakening region 2. These results show that the q-axis and d-axis current trajectory follows the proposed field-weakening control strategy.
Speed-Torque Characteristics
The maximum attainable torque of both the constant flux control and the proposed field-weakening control are shown in Fig. 10 . A comparison of the results show that above the base speed (rpm), compared to the constant flux control, the proposed field-weakening control strategy can produce more torque by approximately 12% at the maximum and 8% on the average.
Experimental System
An experiment is carried out to verify the simulation results. In the experiment, a 10 kHz IGBT Four-Switch ThreePhase Inverter-fed 3-phase induction motor drive system is used. The experiment system configuration is shown in Fig. 11 . The V phase of the motor is connected to the center potential of the DC source. A capacitor with a large capacitance of 8200 μF is used to reduce the capacitor voltage fluctuation, due to one phase of the motor connected to its neutral point.
A Digital Signal Processor (DSP) is used to implement the control algorithm in software (PE-VIEW9). An incremental encoder is mounted on the shaft for detecting the rotor position which is feed to the motor controller via the DSP. A DC generator (DCG) is used as the load for the experiment.
The torque is measured using a high accuracy torque sensor, which is mounted as a mechanical coupler between the induction motor shaft and the load (DCG). The inverter DClink voltage is 283 V. The specification of the induction motor is shown in Table 1 . The same experiment is carried out using both constant flux control and proposed field-weakening control strategy.
Experimental Results
The experimental results of the speed-torque characteristics and motor efficiency of the entire operating region are evaluated. A motor efficiency map is plotted to evaluate the performance of the drive. 
Speed-Torque Characteristics
The speed reference was changed from 50 rpm to 3000 rpm. At each speed, the maximum torque limit was set at 1.49 Nm (rated torque). The speed was increased by 50 rpm from its minimum value (50 rpm) to its maximum value (3000 rpm) and the maximum attainable torque was recorded. The speed-torque characteristics using both the constant flux and the proposed fieldweakening control strategies are shown in Fig. 12 .
The results show that from the low-speed region to approximately 700 rpm, the maximum attainable torque of both strategies are the same. Above 700 rpm, the proposed fieldweakening control can produce a higher maximum torque compared to the constant flux control strategy by an average of 6% per speed.
A comparison of the simulation and experimental results shows a slight reduction in the maximum attainable torque of both control strategies. However, the improvement by applying the proposed strategy can be seen.
Motor Efficiency
The efficiency of the induction motor driven by the FSTPI is examined by plotting a motor efficiency map. A 2D plot of the motor efficiency and torque versus its rotation speed enables easy evaluation of low and high efficiency speed regions.
In the experiment, the maximum torque limit was set at 1.49 Nm, which is the rated torque of the induction motor used in the experiment. The speed range was set from 50 rpm to 3000 rpm. At each speed, the torque was increased by steps of 0.1 Nm from 0.1 Nm to the maximum attainable torque, in order to increase the data points and enable evaluation accuracy.
Field-Weakening Control of FSTPI Ufot Ufot Ekong et al. The results of the constant flux control and the proposed field-weakening control strategy are shown in Fig. 13 and Fig. 14 respectively. The constant flux control results show that the maximum efficiency region is between 55% and 60% from 650 rpm to 750 rpm. The results in Fig. 14 show the maximum motor efficiency region using the proposed fieldweakening strategy is between 60% and 65% from 700 rpm to 3000 rpm.
A comparison of the two results show that the proposed field-weakening control strategy can achieve a higher efficiency over a wider speed range.
Conclusion
In this paper, a new and simple field-weakening control strategy for Four-Switch Three-Phase Inverter-fed induction motor drive is proposed to optimize the speed-torque characteristics and motor efficiency in the high-speed region.
The feasibility of the proposed control strategy is verified by simulation results and validated by the experimental results. Results show by applying the proposed fieldweakening control, the maximum attainable torque and motor efficiency increased in the high-speed region.
This paper is the first report that has proposed and successfully achieved a field-weakening control for an FSTPIfed motor drive. Furthermore, the results in this paper shows that field-weakening control can also be achieved in FSTPIfed induction motor drive and other AC motor drives, when applied as an emergency strategy for the standard 3-phase inverter-fed AC motor drive.
